Introduction {#S0001}
============

Hepatitis is viewed by Chinese experts as one of the 20 most important and most preventable health problems of China.[@CIT0001] Hepatitis B virus (HBV), as the most common cause of hepatitis worldwide, accounts for at least 50% cases of hepatocellular carcinoma. Currently, although preventable with safe and effective vaccines, there is still about 3% of the global population chronically infected with HBV.[@CIT0002] Currently, no available treatment modalities could completely eliminate HBV from human body. The long-term treatment and economic burden often cause patients to experience negative emotions, such as depressive symptoms. Moreover, HBV-infected patients are prone to suffer from low self-esteem, social isolation, hopelessness, and loneliness, thus increasing the risk of developing mental disorders.[@CIT0003]

Depression is a debilitating mental disorder accompanied by considerable costs, mortality, morbidity, and heightened risk of suicide. It is also viewed as one of the 20 most important and most preventable health problems of China.[@CIT0001] This disease is prevalent in chronic HBV-infected patients, partly because it is one of the adverse effects of interferon given against HBV.[@CIT0004] Previous studies reported that HBV-infected patients had significantly higher levels of depression compared to healthy controls.[@CIT0005],[@CIT0006] Depression could decrease the quality of life of HBV-infected patients. But one of the most serious consequences caused by depression is reducing patients' compliance with prolonged therapeutic regimens.[@CIT0007] However, depression is often overlooked in these patients.

In recent years, depression in HBV-infected patients has drawn more and more attention. However, the diagnosis of depression is inadequate as it is only based on subjective identification of symptom clusters rather than objective laboratory tests. This diagnostic modality could cause a considerable error rate. An approach to solve this problem is to identify disease biomarkers for objectively diagnosing depression. Recently, researchers have done many meaningful works to identify potential biomarkers for objectively diagnosing depression.[@CIT0008]--[@CIT0011] Using metabolomic approaches, we successfully identified some potential urinary biomarkers to diagnose depression in HBV-infected patients.[@CIT0012],[@CIT0013] However, the common limitation of these studies is that only one metabolomic platform is used. Currently, three major metabolomic platforms are suited for non-targeted metabolomic mapping: nuclear magnetic resonance (NMR) spectroscopy, gas chromatography (GC)-, and liquid chromatography (LC)-mass spectroscopy (MS). Each one has its advantages and disadvantages. But, none of these metabolomic platforms could provide adequate coverage of the entire human metabonome in a given sample.[@CIT0014] Previous studies have reported that the combined use of several metabolomic platforms could substantially enhance the level of metabolome coverage.[@CIT0015],[@CIT0016] Our previous study found that the combined application of GC-MS- and NMR-based metabolomic platforms could yield a superior biomarker panel for diagnosing bipolar disorder.[@CIT0017] Therefore, in this study, the dual platform approach (NMR spectroscopy and GC-MS) was used to identify a novel urinary metabolite signature for diagnosing depression in HBV-infected patients.

Materials and Methods {#S0002}
=====================

Patient Recruitment {#S0002-S2001}
-------------------

Ethical Committee of Chongqing Medical University approved the protocols of this study. HBV-infected patients with depression (dHB) were recruited if they met the following criteria: i) using Hamilton Depression Rating Scale (HDRS) to assess depression severity, and the HDRS score was no less than 17; ii) receiving no antidepressant medications; iii) not co-infected with other hepatitis virus or human immunodeficiency virus (HIV); iv) on pre-existing physical or other neuropsychiatric disorders, no alcohol consumption, or illicit drug use; and v) aged 18 and older. The HBV-infected patients without depression (HB) met the following criteria were recruited into this study: i) not co-infected with other hepatitis virus or HIV; ii) on pre-existing physical or neuropsychiatric disorders; iii) no alcohol consumption or illicit drug use; and iv) aged 18 and older. Finally, 81 dHB subjects and 68 HB subjects extracted from our previous studies were included in this study.[@CIT0012],[@CIT0013] All patients provided written informed consent, and that this study was conducted in accordance with the Declaration of Helsinki. The detailed information was described in [Table 1](#T0001){ref-type="table"}.Table 1Demographic and Clinical Characteristics of the Included PatientsVariablesTraining SetTesting SetHBdHBP-valueHBdHBP-valueSample size4655--2226--Age (years)c44.8±14.547.9±16.60.3349.3±16.446.3±16.70.54Sex (F/M)23/2331/240.5011/1110/160.43HDRS1.6±1.124.2±3.8\<0.000011.4±1.223.7±4.1\<0.00001BMI21.3±4.021.8±3.70.4523.6±3.822.3±3.20.20[^2]

Metabolites Acquisition {#S0002-S2002}
-----------------------

After overnight fasting, the included patients were told to collect the morning urine samples using a sterile cup. The midstream urine was demanded. The collected urine samples were transferred into a sterile tube and then immediately delivered to the laboratory under low temperature. All urine samples were centrifuged at 1500g for 10 min. The obtained supernatant was then divided into equal aliquots. At last, the samples were stored at −80°C until later analysis. In this study, the procedure of urinary metabolites acquisition using GC-MS and NMR spectroscopy was exactly conducted according to our previous studies.[@CIT0010],[@CIT0012],[@CIT0013]

Data Analysis {#S0002-S2003}
-------------

As the contents of metabolites in different urine samples might vary largely, we used the creatinine to normalize the contents of metabolites in different urine samples to control the variation of urine samples. Then, the data would be further scaled to zero mean and unit variance before analyzing. The included patients were randomly assigned to the training set and testing set. Firstly, we used the training set to build orthogonal partial least-squares discriminant analysis (OPLS-DA) model, which was used to show the divergent urinary metabolic phenotypes between dHB and HB. The 399-iteration permutation test was used to assess whether the built model was over-fit or not. Meanwhile, the testing set was further used to validate the built model.

We used the coefficient loading plot of the built OPLS-DA model to find the important metabolites responsible for separating dHB subjects from HB subjects. The correlation coefficient of \|r\|\>0.258 (equivalent to a p-value of less than 0.05) was chosen as the cut-off value according to the number of samples in the training set. The online software MetaboAnalyst was used to identify the biological functions of these identified important metabolites. Meanwhile, the nonparametric Mann--Whitney *U*-test and Benjamini and Hochberg False Discovery Rate were used to validate the metabolic changes identified by OPLS-DA model. As a small number of urinary metabolites would be more convenient and feasible to diagnose depression, we used the step-wise logistic-regression analysis based on Akaike's information criterion (AIC) rule to optimize the identified important metabolites.

In order to assess the diagnostic performance of the obtained simplified metabolite biomarker panel in diagnosing depression in HBV patients, we performed the receiver-operating characteristic (ROC) curve analysis. The area under the curve (AUC) in both training set and testing set was viewed as an index to quantify the ability of this panel in discriminating dHB subjects from HB subjects. Diagnostic accuracy was categorized as good (0.8\<AUC\<0.9) and excellent (0.9\<AUC≤1.0).[@CIT0018] The SIMCA-P 14.0 (Umetrics, Umeå, Sweden) and SPSS 19.0 were used to conduct data analysis. The Student's *t*-test and Chi-square test were performed to analyze the baseline data. The p-value\<0.05 was considered to be statistically significant.

Results {#S0003}
=======

Divergent Metabolic Phenotypes {#S0003-S2001}
------------------------------

Firstly, we used the training set to build the OPLS-DA model. The results showed that the dHB subjects could be obviously separated from HB subjects with no overlap ([Figure 1A](#F0001){ref-type="fig"}). The values of two parameters (R2Y cum= 0.83, Q2 = 0.68) were also positive. Meanwhile, the results of 399-iteration permutation test indicated that the built OPLS-DA model was not over-fitted, as all R2- and Q2-values to the left were lower than the original points to the right ([Figure 1B](#F0001){ref-type="fig"}). To independently assess the validity of the built OPLS-DA model, the model was used to predict the samples in the testing set. The T-predicted scatter plot showed that all samples were correctly predicted ([Figure 2](#F0002){ref-type="fig"}). These results demonstrated that there were divergent metabolic phenotypes between dHB subjects and HB subjects, and the built model held promise as an objective diagnostic method for depression in HBV-infected patients.Figure 1Metabolomic analysis of urine samples: (**A**) OPLS-DA model showed a clear discrimination between dHB (blue dot) and HB (green dot) in the training set; (**B**) permutation test showed all R2- and Q2-values to the left were lower than the original points to the right, demonstrating the OPLS-DA model's robustness.Figure 2T-predicted scatter plot of OPLS-DA model. The model built with dHB (blue dot) and HB (green dot) in the training set could correctly predict dHB (yellow dot) and HB (red dot) in the testing set.

Important Urinary Metabolites {#S0003-S2002}
-----------------------------

By analyzing the coefficient loading plots of the built model, we found that there were 21 important metabolites responsible for distinguishing dHB subjects from HB subjects. Compared to HB subjects, dHB subjects were characterized by higher levels of α-﻿hydroxyisobutyric acid, pyruvic acid, ﻿acetone, ﻿glycine, ﻿acetamide, β-aminoisobutyric acid, glycolic acid, hippuric acid, azelaic acid, dimethylglycine, β-﻿hydroxybutyric acid, isobutyric acid, D-﻿threitol, levulinic acid, along with lower levels of 2,4-dihydroxypyrimidine, malonic acid, phenylacetylglycine, ethanolamine, methylmalonic acid, hydroxylamine, p-﻿hydroxyphenylacetic acid. The functional analysis found that ﻿glyoxylate and dicarboxylate metabolism (p=0.006, impact=0.19) and ﻿glycine, serine, and threonine metabolism (p=0.006, impact=0.32) were significantly affected ([Figure 3](#F0003){ref-type="fig"}).Figure 3Pathway analysis using the important metabolites. The pathways with p\<0.05 and impact value\>0 were viewed as the significantly affected pathways.

Simplified Biomarker Panel {#S0003-S2003}
--------------------------

We used the step-wise logistic-regression analysis based on AIC rule to further analyze the 21 important urinary metabolites. The results showed that the AIC value was minimal when there were seven important urinary metabolites in the logistic-regression model ([Figure 4A](#F0004){ref-type="fig"}). The seven important urinary metabolites were α-﻿hydroxyisobutyric acid, hippuric acid, azelaic acid, ﻿isobutyric acid, malonic acid, levulinic acid, and ﻿phenylacetylglycine. Among these identified biomarkers, there were two metabolites (﻿azelaic acid and ﻿levulinic acid) from GC-MS platform and other five metabolites from NMR platform. The panel consisting of these seven important urinary metabolites could correctly separate dHB subjects and HB subjects with accuracies of 98.0% in the training set and 95.8% in the testing set. These results indicated that the most significant deviations between dHB subjects and HB subjects could be described by these seven important urinary metabolites.Figure 4Simplified biomarker panel identification and validation: (**A**) the bar represents the value of AIC in each model, and the AIC value was minimal when there were seven important urinary metabolites in the logistic-regression model; (**B**) AUC value in the training set; (**C**) AUC value in the testing set.

Diagnostic Performance {#S0003-S2004}
----------------------

The probability of depression in HBV-infected patients could be calculated using the identified simplified biomarker panel: P(Y=1) = 1/(1+e-y); y= −47.837\*α-﻿hydroxyisobutyric acid+ 2.416\* ﻿phenylacetylglycine-4.283\*﻿hippuric acid-7.665\* ﻿isobutyric acid + 3.286\* ﻿malonic acid -- 1542.158\* ﻿azelaic acid -- 484.869\* ﻿levulinic acid+24.759. Then, we performed ROC analysis to build a curve using the obtained probabilities. The results showed that the identified simplified biomarker panel could yield an AUC of 0.996 (95% CI=0.987--1.000) ([Figure 4B](#F0004){ref-type="fig"}) in the training set. Moreover, it could effectively separate the blinded samples in the testing set with an AUC of 0.994 (95% CI=0.982--1.000) ([Figure 4C](#F0004){ref-type="fig"}). These results demonstrated that this simplified biomarker panel had an excellent diagnostic performance in discriminating dHB subjects from HB subjects.

Discussion {#S0004}
==========

In this work, we used a dual platform approach (NMR spectroscopy and GC-MS) to further study the divergent urinary metabolic phenotypes between dHB subjects and HB subjects. Finally, we identified 21 important urinary metabolites responsible for distinguishing dHB subjects from HB subjects. Pathway analysis found the significantly affected ﻿glyoxylate and dicarboxylate metabolism and ﻿glycine, serine, and threonine metabolism. A simplified biomarker panel consisting of α-﻿hydroxyisobutyric acid, hippuric acid, azelaic acid, ﻿isobutyric acid, malonic acid, levulinic acid, and ﻿phenylacetylglycine was identified. This panel had an excellent diagnostic performance in discriminating dHB subjects from HB subjects. Moreover, compared to the potential panels identified by single metabolomic platform,[@CIT0012],[@CIT0013] this panel had a higher accuracy in diagnosing depression in HBV-infected patients. These results demonstrated that the complementary nature of NMR spectroscopy and GC-MS could provide a better and more specific panel in diagnosing dHB subjects than any single technique in isolation.

Previous study reported that the multivariate analysis was superior to univariate analysis in finding the potential significance of subtle metabolic differences between different groups.[@CIT0019] In our previous metabolic studies, some metabolites were not found to be significantly changed by univariate analysis, but still identified as differential metabolites by multivariate analysis.[@CIT0013],[@CIT0020] In this study, the significantly changed levels of 2,4-dihydroxypyrimidine, malonic acid, methylmalonic acid, ethanolamine, phenylacetylglycine, and hydroxylamine were not validated by univariate analysis. However, the built OPLS-DA model still viewed these metabolites as differential metabolites. This was because the addition of these metabolites into the OPLS-DA model could significantly improve its discrimination power.

Depression is a complex disease and its pathogenesis is still not very clear.[@CIT0021]--[@CIT0023] Our previous study found that the disturbance of gut microbiota might be a contributory factor to the development of depression.[@CIT0024]--[@CIT0026] Meanwhile, we found that some differential metabolites in depressed subjects, such as ﻿usobutyric acid, phenylacetylglycine, p-hydroxyphenylacetic acid, hippuric acid, and ﻿dimethylglycine, were the metabolic byproducts of gut microbiota.[@CIT0027] Interestingly, these metabolites were also identified as important metabolites in the present study for diagnosing depression in HBV-infected patients. Moreover, previous studies have reported that there was a close relationship between HBV-induced chronic liver disease and gut microbiota.[@CIT0028],[@CIT0029] Therefore, future studies were needed to further find out the relationship between gut microbiota and our identified important metabolites, which might be helpful for elucidating the pathogenesis of depression in HBV-infected patients.

Limitations of this study should be mentioned here. Firstly, the number of dHB subjects or HB subjects was relatively small; Large-scale studies were needed to confirm our findings. Secondly, we did not assess the fibrosis stage in the recruited patients; it might be interesting to study whether our findings were appropriate for HBV-infected patients with different stages of liver fibrosis. Thirdly, only urine sample was used here; future studies should collect other biosamples, such as plasma, to further investigate to ensure that the biomarkers identified in this study were relevant to the pathogenesis of depression in HBV-infected patients.

In conclusion, using a dual platform metabonomic approach, we identified 21 important urinary metabolites responsible for distinguishing dHB subjects from HB subjects and obtained a simplified biomarker panel consisting of 7 metabolites. This panel could differentiate dHB subjects from HB subjects with a higher accuracy than our previous panels did. These results suggested that the complementary nature of NMR spectroscopy and GC-MS could identify a more comprehensive metabolite panel than any single technique in isolation.
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